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ABs'rRACT

This Final Report Volume II is sequential to Final
Report Volume I, which covered an extensive series of radio

propagation measurements in a wet-dry (monsoon) tropical

jungle in Central Thailand. in contrast, Volume II presents
results of measurements in a tropical rain forest area in
Southern Thailand. Radio path loss measurements have been

1' conducted in the rain- forest area at frequencies from 2 to

400 MHz, for antenna heights above ground from 7 to 120 feet,
with both vertically and horizontally polarized transmitting

antennas, and at a large variety of path ranges and configura-
tions in the jungle vagetation. Also, this report includes
results from jungle-to-air measurements at frequencies of 25,

50, 100, 250 and 400 MHz, generally with aircraft altitudes
of about 500 feet. The results from a series of ground-to-
ground .easurements for paths of mixed proportions of forest
and clearing are presented, along with a theoretical mudel for
this type of propagation path. Finally, an attempt is made
to summarize the general conclusions which can be drawn from

Sthe work thus far, alkd which may be useful to a wide variety
of communications problems in tropical jungle environments.
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1. INTRODUCTION

This report presents results from an extensive

experimental and analytical program on the propagation of

radio waves in tropical jungle environments. The over-all

objective of this program is co obtain and analyze information

that will be generally useful to improvements in the develop-

ment, design, and deployment of tactical communications systems

for such environments. The results of the work are intended

to be applicable to srstems now available, as well as systems

to be developed in the future.

This program is conducted under a contract with the

U.S. Army Electronics Command, Fort Monmouth, New Jersey,

and is sporsored by the Advanced Research Projects Agency of

the Department of Defense. The experimental work is being

carried out in Thailand in coordination with the Joint Thai-

U.S. Military Research and Development Center (MRDC).

This Final Report, Volume II is sequential to Volume

I which included all of the experimental measurements con-

ducted in a wet-dry tropical jungle (monsoon tropical climate)

some eighty miles north of Bangkok. This area of jungle has

been previously identified as Area I. This Final Report,

Volume II is concerned with measurements in a tropical rain

forest area (rainy, tropical climate) in Southern Thailand,

which has been identified as Area II. The concept of obtaining

a large experimental data base in a wet-dry tropical jungle

and then conducting similar measurements in a tropical rain

forest is a fundamental element of the project plan. By com-

paring and analyzing these two sets of data considerable

knowledge on the influence of the jungle environment upon theV• performance of tactical radio systems can be extracted.



The phase of work included in this report begins

with the radio propagation loss measurements in Area II and

concludes with special jungle-to-air and mixed path measure-

ments in this environment. The experimental and analytical

work following this phase will be presented in Final Report,

Volume III. Many detailed results from Area II measurements

have been given in semiannual reports 9 through 11, and the

reader is urged to refer to these for clarification of some

of the work summarized herein.

This report concentrates on an extensive comparison

of the data from Areas I and II, which appears in Section 3.

The results of the jungle-to-air propagation measurements are

given in Section 4, and Section 5 is devoted to the mixed-path

measurements. Finally, the more important and general con-

clusions drawn from the work thus far are summarized in

Section 6.
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2. GENERAL BACKGROUND

The Tropical Propagation Research Program is funda-

mentally concerned with the communications problems encountered

by small unit tactical operations in a tropical environment,

as a result of environmental influences on the propagation of

signals between the system terminals. Such operations very

often must be conducted in areas where jungle vegetation, or

"forests, constitute a significant element of the environment.

Hence, to improve the operations of available communications

equipment and the development and design of future equipment,

an understanding of the many ways in which jungle terrain

influences propagation is essential.

Stated differently, what is needed is the ability to

predict the performance of tactical communications systems in

tropical vegetated areas having different environmental charac-

ters. To fulfill this need, models must be developed which

will predict system performance for a given set of parameters

* associated with the environment. Because of the random character

of the environmental elements, and the complex interactions of

the environment with the radio wave propagation phenomena, such

a model cannot be obtained by theoretical means alone. Rather,

it is necessary to develop models through experimental measure-

ments under actual environmental conditions. After the data are

obtained and analyzed, various theoretical models can be tested

against the data for validity. It is through this continuous

interplay between experimental and theo-etical results that

U progress in advancing the state of knowiedge of communications

in tropical envirorments is obtained.

The Tropical Propagation Program has followed a care-

fully laid out plan that is based on the idea that different

3



types of tropical environments can be classified in a systematic

manner by means of a set of quantitative parameters associated

with such attributes as topographical roughness, quantity and

distribution of vegetation, climate, etc. The experimental

effort in Thailand has included careful physical measurements

from which these parameters can be derived, and then correlated

with the results from propagation measurements taken in the

same area. The simultaneous gathering of a complete data base

on the test environment itself and the propagation measurements

serves two important purposes. First, it precludes the neces-

sity for repeating the wort, in the future for some other govern-

mental needs. Second, it opens the way to extrapolating the

results to other environments, even though it may not be a

sinple linear process.

In accord with such a plan exLensive propagation and

environmental measurements were first conducted in the thirty

miles square Area I. The forest is classified as "semidry,

evergreen," and is quite similar to most of the "jungle" areas

in South Vietnam. The geographical location of Area I is shown

in Figure 2.1.

The results of the work in Area I, covering the fre-

quency range of 0.1 MHz to 10 GHz, have been presented in

semiannual repcrts 1 through 7, and summarized in Final Report

Volume I. Perhaps the most important finding from analysis of

the data from Area I was that the slope of the median electric

field strength versus distance was significantly steeper at

distances below 0.3 miles from the transmitting antenna than

from 0.3 miles to 3.0 miles and beyond. It was also noted that

this later slope was only slightly greater than an inverse

distance slope. These observations suggested that, beyond some

nominal distance from the transmitting antenna, wave propagation

4
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in jungle areas occurred principally alono the tree-top and air

boundary. Hence, in Semiannual Report N.o. 4, it was postulated
that the signal path in Jungle areas Would generally be one of

"up, across, and down," with the sip-nal p assing through vegeta-

tion only in the vicinity of the transmitting and receiving

antenna.

From theqe experimental findings several significant

theoretical works have followed. .A corducting slab model for

propagation within a jungle medium was developed by D. L. Sachs

and P. J. Wyatt [1] Later, P. L. Sachs compared theoret-

ical results from this model with experimental data, and found

fairly close agreement up to about 100 Mhiz, beyond which the

uniform slab mode! cannot, according to Sachs and Wyatt,

reasonably b,. expected to hold.

[31
Tamirl Ie.tended the -naI-vis of the conducting slab

iodel and examined propagation loss for various antenna heights,

frequency, and polarization, and also found good agreement with
[4•1

experimental resultz up to about 100 \qlz. Dence and Tamir

further took into account the proximity influence of the ground

upon antenna impedance, especially as this relates to very low
antennas.

Following the completion of the measurements in Area I

the measurement operations were moved to Area I1, the general

geographical location of which is shown in Figure 2.1. The

climate in this aiea is classed as "rainy," basod upon its

annual average and monthly distribution, and the forest is

c.as.ed as virgin "rain forest" on a world-wide geogranhical

scale. As a r'esult of the extensive analysis and findings from

the Area I measurements it was possible to significantly reduce

the quantity and distance range of the regular ground-to-ground

path loss measurements, and reduce the frequency range to

6



2-250 MHz. This allowed.' time to devote more measurements to

special path configurations, such as jungle-to-air and mixed
path configurations. It is, however, the 2-250 MHz, ground-

to-ground, data base which is compared in detail with the

corresponding data base from Area I.

As mentioned earlier, an important element of the

measurement plan involves measuring the physical attributes of

the environment, such as the mass and dimensional statistics of
the jungle vegetation. In Area I the forest survey to obtain

this data was conducted by the Environmental Sciences Division
of MRDC, using more or less normal methods for forest mensura-
t i nr. With these procedures the normal sample plot size is

10 X 40 meters (113 X 33 feet), the locations of the plots

presumably randomly distributed over the entire area to be
characterized. Within each sample plot, sets of measurements

wer2 made of tree heights, diameters at breast height, nearest
nelghbor distances, etc. The statistical characterization of

an entire forest area is then obtained by combining the data

frcm the several randomly located plots. The detailed results
of such a surev for Area I were reported in Semiannual Report

No. 6, and these results appear to be statistically consistent
with what one would obs( ve visually.

However, the data obtained from the MRDC measurements

in Area II did not yield statistically consistent results. For
example, there was too great a variance in the tree heights and
diameters at breast height from one sample plot to another,

which did not agree with what visually appeared to be a more
'homogeneous" forest. Furthermore, there were not quite enough

sample plots measured within the test area to statistically

characterize this area by itself.
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The large variances between the sample plots could

possibly be explained in several different ways, but one that

deserves mention here is the influence of errors on the sample

plot boundary lines in a rain forest, which contains large trees

in relation to the sample plot size. For example, with a sample

plot of 40 X 10 meters (113 X 33 feet), if a typically large

tree is on or near the boundary line of the sample plot, the

decision to include or not include that tree in the sample

measurements may affect the biomass of the plot by as much as

100 per cent. This difficulty can be avoided by increasing the

size of the individual sample plot to the point where a deci-

sion to include or exclude a member near the boundary line will

not significantly affect the statistics of the individual plot.

By means of measurements in Area II on different sized sample

plots, it has been aetermined that the optimum sample plot size

for the specialized needs of radio propagation research is

about 200 X 200 feet.

Accordingly, another forest survey will need to be

conducted in Area II to obtain data that can be reliably como-

pared with Area I forest data. These measurements have n':t yet

been completed and the data is not available for inclusion in

this report.

The above comments do not refute the validity of the

results presented in MRDC's report on the statistical descrip-

tion of the forests of Thailand 5]. The methods of sampling

and analysis in that excellent work lead to a statistical des-

cription of a more composite tropical rain forest in Thailand,

the sample plots having been distributed over a much larger

geographical area than that of Test Area II. It remains to be

determined more exactly just where the characteristics of the

rain forest of Area II fit in relation to the composite data in

the MRDC report.



Therefore, with the exception of statistical data

on the forest characteristics for Area II, all of the major

climatological attributes of the environment of Area I and

Area II that pertain to radio propagation have been obtained

and compared. These results are presented more fully in Final

Report, Volume I, and Semiannual Report No. 10. For the

convenience of the reader, these results are summarized in

condensed form in Table 2.1.

In Area II,.supplemental measurements were made at

frequencies of 0.5 to 10 GHz. Also, measurements were made

to show the effects of relatively low antenna heights. The

results of these two series of measurements were presented

in Semiannual Report No. 10 and, except in the general conclu-

sions, will not be further discussed here. This repolt is

concerned mainly with the transmission loss measurements in

Area II at frequencies of 2 to 250 MHz, with the comparison

of these results with those of Area I, with the ground-to-air

transmission loss measurements, and with mixed path measurements.
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3. PROPAGATION IN TWO DIFFERENT JUNGLE ENVIRONMENTS

As discussed previously, the primary purpose of the

theoretical and experimental research program on radio propaga-

tion in a tropical jungle environment is to obtain and analyze

basic propagation and environmental data in a manner which

p:ovides knowledge to realize the most efficient use of present

short range tactical communications equipment and to aid in the

design and development-of new equipment. In the course of this

program the lateral wave mode, which is the basic mode of propa-

gation in a jungle environment at HF and VHF, the frequencies

most important to tactical communications, has been experimen-

tally determined [Jansky & Bailey, 1966] and a theoretical model

explaining the phenomena has been developed [Sachs and Wyatt,

1966, 1968; Sachs, 1966]. This model is a conducting slab

bounded above by air and below by ground and has been substan-

tiated by Sachs and Wyatt [1966; 1968] and Sachs [1966] at

frequencies from 6 to 100 MHz by propagation data from a wet-dry

tropical forest near Pak Chong in Northern Thailand. This was

the first experimental test area utilized in this program and

is referred to as Area I. The environment has been described

in detail in preceding semiannual reports, and is briefly dis-

cussed in Section 2 of this report.

The slab model provides simple and clear concepts for

visualizing the mean transmission loss in forested environments.

Its practical utility is limited, however, because it cannot

account for the spatial variability in the data [Jansky &

Bailey, 1966]. Furthermore, the use of this.model requires

some knowledge of the physical and electrical parameters asso-

ciated with the given forest. The first limitation is inherent

in the principles of the model, while the latter arises from a

-i
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lack of knowledge of the effective electrical constants of the

ground and the slab, which depend upon the environment to be

represented by the model.

The lack of quantitative knowledge of the environmen-

tal influences on jungle propagation was, of course, recognized

early, and was a major consideration in originally establishing

the research program. It was because of this that, upon com-

pletion of measurements in Area i, a second experimental area

was estahlished in the characteristically different environment

of a tropical rain forest in the Satun district in Southern

Thailand. This experimental region is referred to as Area II

and its environment is also discussed in Section 2. The most
obvious difference in the two areas is that Area II has taller

and denser foliage.

The basic propagation experiments have been completed

in Area Ii and a large data base, taken in a manner that permits

comparison of the data from the two areas, is now available from

each area. The purpose of this section is to Dresent those
data, compare the experimental results from the two areas,

re-examine the data from Area I for its applicability in the

theoretical slab model, examine the data from Area II for its

applicability in the slab model, and compare the theoretical

slab model results for the two areas, and the relation of these
results to the two environments. The results suggest a slight

change in the conceptual view of the slab model, based on
qualitative considerations -f scattering by the trees, which

broadens its frequency range of applicability in determining

the mean transmission loss. The need and direction of further

effort is discussed, especially in relation to scatter phenomena.

The data considered covers a frequency range of 2

to 400 MHz, antenna heights from 12 to 120 feet, and horizontal

12



and vertical polarization. A theoretical background is briefly

presented, followed by experimental procedures, data analysis

and discussion and conclusions.

3.1 Theoretical Background

In discussing the data, reference is often made to

the uniform conducting slab model of the jungle, and a brief

review of its development and governing equations is given here

for continuity.

Sachs and Wyatt [1966, 1968] proposed that the jungle

may be modeled as a uniform conducting slab bounded above by

air and below by the ground. They proposed that this model

would be reasonable if:

"(1) The fluctuation in the number of trees,

etc., in an area one wavelength squared is

small compared with the total number of

trees in this area.

"(2) If the height of the jungle is larger

than a wavelength it is necessary that

within the jungle the average electrical

properties do not vary significantly with

height.

"(3) The transition region between the air

above and the jungle must be small compared

with a wavelength P

The first criterion has since been discounted as

"being too restrictive in a forested environment due to the

13



inherent averaging of the fields by forward scatter from the

trees in the environment which, if the incoherent scatter field

is large with respect to the coherent scatter field, gives

average results similar to those from a continuum, or slab.*

The third criterion also appears to be too restrictive for the

same reason. This qualitative scatter concept appears to be

a significant factor in ascribing an effective slab height to

the jungle and is referred to later.

Sachs and Wyatt [1966, 1968] applied the theoretical

concepts of propagation in a layered media developed by

Brekhovskikh [1960], Wait [1962], and others, to examine the

signal behavior within the conducting slab for a vertically

polarized infinitesimal dipole source within the slab, and

showed that propagation is principally via the lateral wave.

They compared the theoretical results with experimental data

from Area I and, by assuming the slab thickness to be the

average tree height of Area I and using estimated values of

conductivities and dielectric constants of the air, jungle,

and ground, obtained reasonable agreement between theory and

experiment. It is noted that in employing the data at frequen-

cies of 2, 6 and 12 MHz they apparently assumed the transmitting

antenna heights to be equivalent to the lengths of the vertical

monopoles. That this is a valid assumption is not obvious and

would seem to require some justification, since the antenna

height-gain effects are quite important in quantitatively

verifying the model.

Group III paper in Report of Technical Study Group
Meeting on Environmental Effects on Short-Range Commu-
nication, sponsored by ARPA and ESSA, held at ITSA,
Boulder, Colorado, 14-16 March 1967, and prepared under
the direction of T. W. Dotppner.
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Sachs [1966] later extended the work to include

horizontal polarization and antennas outside the slab (above

the jungle) for both polarizations. Also, it was known that

the jungle medium exhibits less losses for horizontal than

vertical polarization [Jansky & Bailey, 1966J, and, in appar-

ently the only attempt which has been made to account for this

anisotropy, Sachs [1966] assumed different conductivities for

the two polarizations to improve agreement between theory and

experiment.

Tamir [1967] examined the functional dependence of

the varions factors involved in the lateral wave theory (fre-

quency, ank'enna height, ilectrical constants, etc.) for antennas

near the jungle-air interface where the ground effects are neg-

ligible and showed that these are consistent with the functional

behavior of data from Area I. Dence and Tamir [1969] employed

the model to examine the preference for horizontal or vertical

polarization for very low antennas in a jungle by including the

effect of antenna impedance changes due to ground proximity.

Their conclusions are questionable, however, because they assume

the jungle anisotropy to be negligible which, as will be shown

later, is not generally justified.

Excluding the case of very low antennas, the measur-

able electric field fEB is given by [Sachs and Wyatt, 1966;

Sachs, 1966; Tamir, 1968]

SEJ 9 X 1010 /TiFKw7 F(z) F(zo) ;v/m (3.1.1)
V7 >r• f r2 In.2 -11 0

where f is frequency in MHz, r is range, h is the slab or effec-

tive jungle height, z and zo are the transmitting and receiving

15



antenna heights above ground, n 2  e + 18 ia/f(MHz) is the

refractiva index, e is the dielectric constant, a the conduc-

tivity in mmhos/m, and the subscript, j, indicates the jungle

medium (see sketch below for nomenclature). Further, for both

horizontal and vertical polarizations

I~ /I ., 72z

-% ( h - z) 1 + Tv U,H W

F(z) = e L " ,H_ < z < h,
- 2 1,O V '-n 2j h

I - 'V , H e -

and for vertical polarization

+ + r v e 2 o n

F(z) -- (z - h)k (1 - r,.2 )2 + n; (-h
0( "2 k /l-7_n7 h\

A V e

> z > h
0

and for horizontal polarization

2)2

( -2 k h /1 - nj).i:.0 II - H

h < z < + h

__ _Air

z J cv' r

0, eg Cr
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where a = Im (/ 1'2 . 1 ) and the subscripts V and H corre-

spond tc vertical and horizontal polarization respectively.

Also, for ,ertical polarization

1 1

12 2(1 - r . 2 (l rg2)2
ng 3j

2g (1 Ti 2 + Irj 2 (1 2) 2

and for horizontal polarization

1 1

(I - nj 2 ) 2  
- (1 lg2)2

21 ) •1 2 + 91-1 2)2

Fzo0) is the same as F~z) with z replaced by zo. The data are

in terms of basic transmission loss, Lb, referenced to isotropic

antennas, and the theoretical field of Eq. 3.1.1 may be converted

to L b by [Norton, 1959]

Lb 139.36 - 20 log IEI + 20 log f (3.1.2)

which is derived for 1 Kw of power radiated into free space by

an isotropic antenna. Sachs ond Wyatt [1966, 1968] and Sachs

[1966] show that Eq. 3.1.1 holds for frequencies of approximately

6 to 100 MHz and ranges nominally greater than 0.1 mile. Eqs.

3.1.1 and 3.1.2 will be utilized in comparing the behavior of the

theoretical transmission loss with the experimental loss for

Areas : and iH to obtain equivalent electrical parameters and

slab height of the twj forested environments.
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3.2 Experimental Procedures

The propagation data were measurements of field

strength in db above 1 livolt/m as a function of distance,

frequency, antenna heights and polarization for each test

area. Table 3.2.1 gives the specific parameters employed

at each test area. All antenna heights are referenced to

their feed points.

Table 3.2.1

Experimental Parameters for Area I and Area II

Parameter Area I Area II

Frequency (MHz) 2, 6, 12, 25, 50, 2, 12, 25, 50,
100, 250, 400 100, 250

Transmitter
Antenna Height 0, 13, 80, 120 0, 13, 40, 80
(Feet)

Receiver Antenna
Height (Feet) 11 to 80 8 to 115

Polarization Vertical and Vertical and
Horizontal Horizontal

Range (:Wles) .05 to 1.2 .05 to 6

The procedure in each test area was to locate the

receiving antenna at a designated field point and measure the

f'ield strength continuously as the receive antenna was raised

or loweied between the maximum and minimum heights employed.

The mean of the maximum and minimum field strength over con-

tiguous 5 6 foot increments was recorded and assigned to the

heights at the mid-points of the measurement inc-ements. The

18



measurements conducted at the lowest antenna height were

single unaveraged measurements. This procedure was repeated

for various combinations of the parameters listed in Table

3.2.1.

Ground based, X/4 monopoles (X = wavelength) were

employed for the vertically polarized transmitting antenna at

frequencies of 2, 6, and 12 MHz. Resonant X/2 dipoles were

employed as transmitting antennas at frequencies 12 MHz for

vertical polarization and at all frequencies for horizontal

polarization. The receiving antennas for both polarizations
were small loops at frequenci-s of 2, 6, 12, and 25 MHz, and

X/2 dipoles for frequencies > 25 MHz.

The transmitters and receivers and calibration pro-

cedures have been discussed previously [Jansky & Bailey, 1966].

3.3 Data Analysis and Discussion

The field strength measurements were reduced to basic
transmission loss Lb for isotropic antennas (Norton, 1959;

3ansky & Bailey, 1964]. The resultant Lb includes any losses

due to the antennas being near ground oy foliage, caused by

antenna impedance changes, as well as the loss over the trans-

mission path. The losses due to the antennas being near ground

(i.e., impedance changes) are negligible at frequencies 5 6 MHz

for the antenna heights used. These losses may become signifi-

cant, however, at 2 MHz for all except the higher antennas

[Dence and Tamir, 1969]. The foliage proximity losses are

negligible in all cases [Jansky & Bailey, 1965; Dence and Tamir,

1969].

* With the aid of a computer, the resultant values of
Lb were extrapolated to a range of 1 mile by removing the

119
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anticipated 40 log r range dependence from each value. This

extrapolation brings a large number of measurements to a common

range which simplifies a critical examination of the transmis-

sion loss as a function of antenna height, frequency and

polarization, which are directly dependent upon the foliage

medium. Note that the range dependence, which has been well

established (Jansky & Bailey, 1966] has the same form as that

of a surface wave [Jordon, 1950] and thus requires only that

the foliage medium provide a surface for supporting the wave.

The 40 log r dependence is therefore virtually independent of

the internal structure of the foliage medium, and the extrapo-

lation with range is not expected to influence the dependence

of transmission loss on frequency, antenna height or polariza-

tion. It should be noted, however, that the range of validity

of the theoretical expressions for antennas above the slab

(Eq. 3.1.1) are frequency, path length and antenna height

dependent, and knowledge of the range of validity is obliter-

ated by extrapolaticn to the range of 1 mile. It is assumed,

however, that Eq. 3.1.1 holds in the extrapolated case here,

although this is not valid for those data from short distances

and frequencies greater than 100 MHz. The mean and standard

deviation, o, of the extrapolated Lb for Areas I and !I were

then computed for each combination of antenna height, frequency

and polarization. The results are given in Tables 3.3.1 to

3.3.8.

To illustrate the loss characteristics of the two

environments from a graphic point of view, Figure 3.3.1 is a

plot of the experimental mean Lb, extrapolated to one mile,

for vertical polarization as a function of frequency and equal

transmit and reaeive antenna height (except for the zero height

vertical monopole transmitting antennas at 2, 6 and 12 MHz) for

Areas I and II. Figure 3.3.2 is a similar plot for horizontal
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"polarization. Figures 3.3.1 and 3.3.2 show that the trans-

mission loss for both environments decreases with increasing
antenna height (height-gain) and generally increases with

increasing frequency.

jAlso, th height-gain may be seen to be a function

of height and frequency -- generally being greater at the
lower heights at lower frequencies. Figures 3.3.1 and 3.3.2

show that the losses at antenna heights of 120 - 115 feet and

30- 80 feet in Area II are al-out the same as those at antenna
heights of 80- 79 feet and 40- 42 feet, respectively, in
Area I, for the same polarizations, and at the frequencies

greater than = 25 MHz. This is in keeping with the fact that,

according to the lateral wave theory, it is the foliage above
the antennas which constitutes the major propagation path,
and hence losses, within the foliage.

These data also show that the losses are about the

same in the two areas for equal ante:ýina heights at frequencies

less than = 12 Miz and for all frequencies compared here foi

the lower antennas. The causes of these results are not as
easily visualized as the previous case, but the results may
also be seen to be in qualitative agreement with the lateral

wave concepts because the attenuation ra-e of the signal
through tho foliage is a function of frequency and, for rea-

sonable effective electrical parameters for the forest,

undergoes a signiiicant increase at around 12 - 2S MHz [Tamir,

1967]. It may also be seen that the loss is different for
horizontal and vertical polarizatio-is. This is discussed
later, and attention is now turned to a quantitative compari--

son of theoretical results with experiviental data.

The theoretical transmission loss is obtained from

Eqs. 3.1.1 and 3.1.2 and is plotted for Area I, along with
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ii
the experimental results, in Figures 3.3.-3 and 3.3.4. Figures

3.3.5 and 3.3.6 are similar results for Area !I. A number of
diffeient dielectric constants, £, and conducti~iky, o, for
the ground and foliage medium (slab), and slab heightsr h,
were assumed in obtaining the theoretical v.'iues. The con-
stunts of air are asstv-ied to be those of a vacuum., For the
ground, the constants ranged from

10< < 25
' and

1.0 mmhos/m •a •g 25 mnhos/m.

g

:1 For the Jungle,
I• .' i 01 .5 j 1 1. 5,

0,01 minhos/m -e- a. ý 1.0 mmhos/m,

and

"40 ft. . h K 70 ft. for Area.I,

II 60 ft. < h <_ 110 .t. for Area II.

Obvicusly not all possible combinations of these were employed.4 IThe jungle height was changed in 10-foot increments and, once
the values of e. and 0. were narrced to a range giving a

reasonable fit to the data, the E was changed in increments
of 0.01 and a. in increments of 0.0i zwmhos/m with the eg and
a held constant. The latter, eg anc.i 1g, only weakly, influence

the loss, but the effect of changing e, a.i and hi is generally

pronounced. d

The theoretical transmission loss values show'i, which
rý.present the best over-all fit obtained to the data, ver-_

obtained with
a = 10 mmhos/m,
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•g=15,

1.01

-for both polarizations and both areas.

For Area I,

a. = 0.04 mmhos/m

for horizontal polarization, and

aj 0.05 mmhos/m

for vertical polarization.

F'or Area I.

aj 0.03 mmhos/m

for horizontal polarization, and

a. • 0.04 mmhos/m

for vertical polarization.

• The best fit effective slab height was

h = 60 feet for Area I
h.= 100 feet for Area II.

The resultant theoretical loss is, with few exceptions,
within 1 a of the mean of the experimental data. Better
agreement could be obtained, with different values, if the
frequency range of interest is narrowed; or if the electrical

constants and/or effective height are assumed to be functions
of frequency. Such refinement complicates the model and,
because of the fairly large spatial variations of signal
"strength typically encountered [Jansky & Bailey, 1966], does
not seem warranted and the agreement between theory and
"experiment is deemed satisfactory. Also, a few theoretical

S~51
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checks were made with fixed transmitter antenna height and

variable receive antenna heights. In these cases, the dif-
ferences between theory and experiment were bounded by the
-differences obtained above withi equal antenna heights, as

' might have been anticipated, si-nee the extremes in theoreti-

cal lass are obtained with the extremes of antenna heights.

The electrical constants and equivalent slab height

obtained here for Area I are considerably different from those

obtained by Sachs and Wyatt [1966, 1968] and Sachs [1966] for
the same environment. In particular, thea obtained here is less

(0.03 - 0.04 mmhos/m as compared to their 0.09 - 0.15 mmhos/m)
and-the equivalent slab height is larger (60 feet as compared

to their 40 feet). However, with ths constants obtained here,

the slab model is seen to provide a reasonable model from 2 to

400 MHz, which are the limits of the data utilized in the com-

parison. The effective slab height, as mentioned, is signifi-
S~cant in obtaining the agreement batween theory and experiment.

However, increasing the effective slab height, in view of the

fewer trbes extending to the higher height, is contrary to the
original model concept (especially at the higher frequencies)
requiring closely spaced trees relative to a wavelength, as

discussed in th- previous section. It is here that the scatter

concept, also discussed in the previous section, provides the*
physical justification for employing the relatively large

effective slab heights, and the agreement obtained supports

the scatter concept.

Note that the effective electrical constants of the

jungle for the Areas I and II are about the same, with the

mai•r difference in the slab models of the two areas being in

52



their effective heights. In view of the significant differerLce

in foliage density of the two environments (Section 2.1), the

near equality of the effective electrical constants suggests

that changes in the foliage dtnsity have little effect. The

difference in effective slab height, however, is in qualitative

agreement with the difference in tree height for the two

environments, i.e., taller trees and larger effective slab
height in Area II. The implications are that difforence in the

tree height may be the dominant factor in specifying environ-

mental differences on forest propagation. This is significant

because the tree heights are among the more easily determinable

factors of the environment, and suggests the model may be

extended to other forest environments with a minimum of knowl-

edge about that environment. The loss is very sensitive to
changes in the conductivity, however, and further experimental

effort is required to correlate the physical characteristics of

the environment with the electrical parameters. The foliage

survey presently in progress in Area II should yield data
pertinent to such a study. However, it is cautioned that a

slab model, or continuum, is not likely to provide insight into

the variability of the measurements caused by standing waves.

The significance of standing waves in a forested

environment should, perhaps, be further discussed. Standing

waves have been known to be present in forested environments
for some time [Englund, et al., 1933] and are an inherent part

of propagation at the frequencies commonly employed in tactical

communications in such environments. Jansky & Bailey [19663

discuss characteristics of the spatial variability in the

signal for Area I, which have been related to standing waves

[Hicks and Robertson, 1969]. The more important findings by

Jansky & Bailey [1966], for present purposes, 2re that the

peak-to-minima ratio of the standing waves may be quite large,
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averaging 10 - 15 db for vertical polarization, about 5 db

less for horizontal, and increasing with increasing frequency.

The average spacing between the peaks and minima along the

transmit-receive direction is approximately 0.37X. The slab

model does not account for such variability and cannot, there-

fore, be used to compute point-to-point signal strengths with

any greater accuracy than afforded by the signal variations
caused by standir.g waves. Further, the signal computed from

the model can, with equal probability, be expected to exhibit

this inaccuracy at, or within a fraction of a wavelength from,

the range used in the computation. This does not invalidate

the slab model, but further suggests it be extended to include

the scattering oT reflection from trees which cause the stand-

ing waves. Other factors also suggest such an extension.

Paramount among the additional factors to be con-

*sidered is the fact that the transmission loss behaves differ-
ently for horizontally and vertically polarized transmitted

waves. We shall discuss the polarization effect in general,

and then see how it may be related to a scatter model. Figures
1 3.3.7 and 3.3,8 show the polarization difference for Areas I

and II, respectively, for the frequencies 7 25 MHz and equal

*4 transmit and receive antenna heights. The l.ower frequencies

are not included in Figures 3.3.7 and 3.3.8 because the trans-

mission loss at the lower frequency may be affected by antenna

impedance changes [Dence and Tamir, 1969], and because of the

uncertainty of the effective heights to be attributed to the

vertical monopole transmitting antennas at these frequencies.

-Figures 3.3.7 and 3.3.8 shcw that the transmission loss is

generally less for horizontal than for vertical polarization

(by as much as 15 to 23 db in some cases) and that this dif-

ference decreases with increasing antenna height and frequency

and may change sign at the greater heights and frequencies.
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Also, the pols.rization difference is generally less Y.n Area I

than Area II. The polarization difference in transmission

loss may be attributed to two factors: polarization difference

in the ground-reflected vave (a lateral wave which becomes

negligible as the antennas are far removed from the ground

[Sachs and Wyatt, 1966]), and anisotropy of the forest. One can

theoretically determine the polarization difference due to the

ground reflected wave (using empirical ground and forest elec-

trical properties) [Dence and Tamir, 1969] and subtract this

from the total experimentally determined polarization differ-

ence to obtain the effect due only to tVc forest anisotropy.

This is presently being investigated, encompassing transmission

losses for very low antennas as well. However, it is noted

that Dence and Tamir [1969] show that the transmission loss due

to the ground reflected wave is generally greater for horizontal

than vertical polarization. With this in mind, define ALb as

ALb Lb (vertical) - Lb (horizontal)

and write

ALb (total) = ALb (forest) + ALb (ground)

where ALb (total) is the total experimental ALb, ALb (forest)

depicts the effect of the forest anisotropy and ALb (ground)

depicts the polarization effect of the ground reflected wave.

Hence,

ALb (forest) = ALb (total) - ALb (ground).

Noting from Figs. 3.3.7 and 3.3.8, however, that ALb (total)> 0

in general and that theoretically, from Dence and Tamir [1969],

ALb (ground) < 0, then

ALb (forest) = ALb (total) + 1ALb (ground)j.

S7
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Thus, if the ground has any effect, it will generally result
ini the forest anisotropy being larger than that indicated by

the total experimental ALb-. The ALb of Figures 3.3.7 and

3.3.8 may therefore be regarded as conservative estimates of

the advantage (less transmission loss) of horizontal polariza-

tion over vertical polarization due to the forest anisotropy.

The anisotropy due to the presence of trees, although

not well defined, has been known for some time [Trevor, 1940;

S Jansky & Bailey, 1943; Saxton and Lane, 1955; and others]. rhe

anisotropy in a jungle, however, is generally more serious than

that encountered in the, apparently, less dense forests con-

sidered by the previous workers, and should not be ignored in

general. Sachs [1966] empirically accounts for the anisotropy

in the slab model by assuming a larger jungle conductivity for

vertical than for horizontal polarization. This procedure has

been employed here, as evidenced by the different aj given

above for horizontal and vertical polarization.

The anisotropy may be associated dire tly with the

scatter and absorption of the trees since it is known that

trees scatter more effectively for vertically than horizontally

polarized waves 'Steele, 1967]. Accepting this, it is intui-
tively expected that the anisotropy will decrease as frequency
increases because the difference in size of the scatterers

(trees) for vertical and horizontal polarization, in terais of

wavelengths, decreases with increasing frequency. Also, it is

intuitively expected that the anisotropy will decrease with

increasing antenna height because the propagation path through
the forest decreases with increasing antenna height kutilizing

the lateral wave concept of propagation up to the forest-air

interface, along this interface in the air medium and down to

the receiver) and in this reduced path there are relatively

58
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more nan-vertical scatterers (liwbs). If the numbcr of hori-

zontally oriented scatterers in the path exceeds the vertical
scatterers, as may be the case for antennas near the forest-
air interface, then it-may be expected that the transmission
loss for horizcztrl polarization be greater than for vertical

for antennas near the forest-air interface. These in:Luitive
results are in accord with the experimentally obtained anisot-
ropy in Figures 3.3.7 and 3.3.8.

Further evidence that scattering is important may be
obtained by examiyting the standard deviations, a, of th. trans-
mission loss given in Tables 3.3.5 - 3.3.8. For illustrative
purposes, the standard deviation, a, for the configurations
given in Figures 3.3.1 and 3.3.2 are plotted in Figures 3.3.9
and 3,3.10. These show, generally, that a increases with
increasing frequency and decreases with increasing antenna
height. The former is consistent with the concept that the

trees scatter significantly because it is expected that scatter
increases as the scatterers become larger in terms of wave-

length. The UItter is consistent with the scatter concept
because the propagation path through the forest medium is
shortened, decreasing the number of scatterers, as the antennas
approach the forest-air interface. It appears that a is larger

for vertical than horizontal polarization in general, but this

difference is relatively small in most cases.

Consideration of the standing wave and anisotropic
character of the data suggests, therefore, that an extension

of the slab model to include scatteriiug and absorption by the
trees would more nearly represent th,-e observed behavior.

Further, because the scattering increases with frequency, such

a model world conceivably be applicable at the higher frequen-

cies important to radar applications. Such a development would
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also be beneficial to mobile communications in general and to
digital and wideband operations, as these may be adversely

I affected by the multipaths due to scatter from the trees.

3.4 Conclusions

The basic transmission loss at frequencies of 2 to

400 MHz, obtained over fairly smooth terrain in two forested
jungle environments of Thailand, increases as 40 log (range),

decreases with increasing antenna height, and increases with
increasing frequency. This general behavior is consistent

with the theoretical lateral wave concepts when the jungle is

assumed to be a uniform conducting slab bounded above by air

and below by ground. Employing the slab model, reasonable

agreement between theoretical transmission loss and mean

values of experimental transmission loss is obtained over the

frequency range of 2 to 400 MHz with effective electrical
constants of the ground (subscript g) and ji'ngle (subscript j)

of eg 9 15, S 1.01, ag = 10 mmhos/m, a = 0.04 mmhos/ir for

horizcntal and 0.05 nmhos/m for vertical polarization in

Area I, a. = 0.03 mmhos/m for horizontal and 0.04 mmhos/m for
vertical polarization in Area II, and the effective slab height

is h = 60 feet and b - 100 feet for Area I and Area II,

respectively.

The vegetation biomass is greater in Area II than
Area I. The effective electrical constants of the two areas

are about the same, however, which indicates small, if any,

correlation between vegetation biomass and effective electri-

cal constants. The effective slab height and the tree heights

are directly correlated, however, being greater for Area II.

This suggests that it may be possible to extend the slab model

to different forested environments with a more limited*41
-62
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knowledge about the environment than has been anticipated.

Small changes in the effective conductivity of the slab model

are significant, however, and further work i: required to more

exactly associate the environmental features to the model
parameters.

The slab model concept, however, appears to require

modification or extension to a scatter model to explain the

spatial variability in the signal. The spatial variability

caused by standing waves places a basic lmitation to the

applicability of the slab model in predicting point-to-point

field strength or path loss in the forested environment.

Extension of the model to include scattering is also

suggested by characteristics of the anisotropy of the jungle

environment and the standard deviations of the basic transmis-

sion loss. The forest anisotropy, which results in less loss

for hcrizontal than vertical polarization, by as much as

15-23 db in some cases, decreases with increasing antenna

height and frequency. The standard deviation increases with

increasing frequency and decreasing antenna heights. These

are consistent with known scatter properties of trees, but

further work is required to analytically develop the scatter
model.

63



I
I

II

ii

x �

'.� I

� k T�E1'$Z2

#1 1

'I

L
J
A

I
- I

:� J

64

'I



Li
4. TRANSMISSION LOSS'OVER JUNGLB-TO-AIR PROPAGATION PATHS

A considerable amount of experimental and theoretical

effort has been devoted to understanding propagation in foli-

ated jungle environments [Herbstreit and Crichlow, 1964; Whale,

1968t Jansky & Bailey, 1962-1969; Sachs and Wyatt, 1966, 1968;
Sachs, 1966; Tamir, 1967; Dence and Tamir, 1969]. This effort,

however, has been focused primarily on the case of ground based

antennas, located in and just above the foliage medium. Com-

munications, navigational, direction finding and other require-

ments in jungle environments may also require propagation over

air-to-jungle links. Sachs [1969] has theoretically treated

the general case, for antennas at any height, when the jungle

caa be assumed a uniform conducting slab bounded above by air

and below by ground. The model has been applied in Section 3-

and found to satisfactorily describe the mean transmission loss

for antennas located in and just above the jungle environment,

but it has not been tested for the general jungle-to-air prop-

agatien link. The purpose of this section is to present and

discuss the experimental values of transmission loss obtained

over jungle-to-air paths, and compare these results with the

theory based upon the uniform conducting slab model of the

jungle.

Experiments were conducted at frequencies of 25, 50,

100, 250, and 400 MHz, using a helicopter or a fixed-wing air-

craft to carry the receiving test equipment. Signals were

transmitted from horizontally and vertically polarized antennas

at various heights above ground in the jungle vegetation in

Test Area II. The environment of Area II is discussed in

Section 2 of this report and in Semiannual Report Number 9.

Experimental procedures are discussed next, followed by a irief

PRECEDING PAGE SLUK
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outline of the theory. The experimental data are then

presented, compared with theory, and conclusions drawn.

Aftcr presenting a brief theoretical background of
the slab model when one antenna is high above the jungle vege-

tation, the experimental procedures for the air-to-ground

measurements are discussed, followed by a comparison of experi-

mental and theoretical results. The conclusions drawn from

this phase of the work are then presented.

4.1 Theoretical Background

The theoretical field strength, calculated with the

slab model for one antenrna high above the jungle vegetation,
differs from the resultl: obtained when both antennas are con-

fined to be within or just above the foliage [Sachs and Wyatt,
1966; Sachs, 1966]. Such a case is illustrated in Figure 4.1.1,

and Sachs [1969] has treated this case as well as those for the

lower antennas referenced above and discussed in Section 3.

Employing the MKS system of units, the measurable

electric field for the case of one antenna high above the

foliage (i.e., z > /A/k + H) is given by Sachs [1969] as:

E 9 x 10' VP (z - H) F(z, Zo) v/m (4.1.1)

V2ir f r 2

where

ixjk (z0 - H) 2ix kz)
F(z zo 0= < ;0zo< H

F 'z /O )(- 2ix kH\)
ix (1 + Xa/A) -a Vg e 2 i
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and

SeXak(Zo -H) Xak(Zo -H)F (Z 'z, eo e+
4Lxa

"X k(z -H)(I+ e- 2ixjkH)

SV8 , 0<k O -H) < r

""A + - 2ixjkH4.)
( a. +x) - VaVe

where n is the complex refractive index, P is transmitted

power in kilowatts, f is frequency in megahertz, and k is the

wave number.

~~~2. I •2--~

a p ,,

A. - A A. - A
Va = I Vg =

j a g

Ap = AXp/rp I for vertical polarization,

A p ixp for horizonta". polarization

where p = j, a, or g, for jungle, air, or ground, respectively,

and indicates that the appropriate constants should be applied

for these media. These relations, and those of Section 3, are

employed in Section 4.3 to obtain the theoretical transmission

loss for comparison with experimental data, but before present-

ing the results the experimental procedures will be discussed.
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4.2 Experimental Procedures

The air-to-ground propagation measurements were

conducted in the rain forest test area, identified as Area II.-
The environment of this area has been discussed in Section 2

of this report, as well as in Semiannual Report Number 9.

However, as mentioned in Section 2, a more complete forest

survey remains to be accomplished before the jungle vegetation

can be more exactly characterized.

The same basic transmitter and receiver calibrating
procedures used in the other path loss measurements [Jansky &
Bailey, 1966] were used in the air-to-ground measurements.

The receiver was installed on either a helicopter or a single-

engine STOL aircraft, with the receiving antenna rigidly

mounted on a shaft extending a few feet below the aircraft.

The correction factors necessary to convert measured field

strength at the aircraft antenna were obtained by separate

calibrations with the antenna mounted on the aircraft, flying

at operational altitudes around a calibrated -ground antenha

which was elevated to 200, feet or approximately 80 feet above

treetop level.

During the experimental measurements, the transmit-

ting antenna was located in the vegetation and positioned at

various heights above ground. The procedure was to fly the

aircraft along prescribed radials toward or away from the

transmitter, at a fixed altitude and speed, and to measure the

fieid strength as a function of slant range. The slant range

was determined by means of field-fabricated transponder system,

with the transponder located on the aircraft. The transponder

system transmitted a signal to the aircraft on a frequency

separate from those used for measurement. Using an oscillo-

scope to read the pulse transit time, accuracies on the order
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of + 25 feet were obtained at ranges of 5,000 feet, or less,
and at a range of 10,000 feet accuracies of about 1/2 percent

were obtained.

The transmitting antennas were half-wave dipoles at

each frequency, and the antenna height above ground was refer-

enced to the antenna feed point. The receiving antenna at 25

and 50 MHz was a small loop, and for the frequencies equal to
and greater than 100 MHz half-wave dipoles were used. The
horizontal antennas were oriented with their theoretical

maximum gains along the line between the transmitter and the

aircraft. The vertically polarized antennas were mounted to

have the maximum gains in the horizontal plane through the
antennas. Measurements were not made at slant ranges less
than 1,000 feet, however, and the small correction for the
vertically polarized antennas not being aligned for their max-

imum gain along the line of slant range was assumed to be
negligible. This is reasonable since the highest elevation
angle involved in the measurements was about 300.

Figure 4.2.1 is a tree diagram of the combinations

of frequency, polarization, transmitting height, aircraft
altitude (receiving antenna height), and the direction of the
radial referenced to true North from the transmitter. The

figures in which the experimental data are presented in the

next section are referenced in this tree diagram.

4.3 Data Analysis and Discussion

With the aid of a computer, the field strength

measurements were reduced to basic transmission loss for

isotropic antennas. The basic transmission loss was theoret-

ically computed for the various frequencies, antenna heights,

70'1 ______ _____________ ____________



Transmitting

Frequency Antenna Height Radial, Figure
MHz Polarization Feet Degrees No.

40 325 - 4.3.9

H040
7'270

13- 300 -4.3.1
'•360

25.5

40 325 -- 4.3.10

\ V 040

< 7270
13 3 0 00 - 4.3.2

K .Z325
"360

v 4.3.12

40 -325

50

80 325

S-4.3.11
40 -,25

Figure 4.2.1 Tree Diagram of Air-to-Ground Measurements
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Transmitting
Frequency Antenna Height Radial, Figure

MHz Polarization Feet Degrees No.

120 325

80 325
13 40 325 2 -4.3.14

13 -325
V

040
/ 270

6 00 4.3.4

i .•20325

36032

100

120 325

80 --- 325 4.3.13

40 325

1 I H 13 325

: t .o040
270

6 6 1 '300 4.3.3

325

360

Figure 4.2.1 (continued)
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Transmitting
Frequency Antenna Height Radial, Figure

MHz Polarization Feet Degrees No.

40 4325
S�13 325 .3.16

V 040/ • -• 30
/6 300 4.3.6

250

40 -- 325

13--- 325

H ~041

2 7 0
I -~...-270

-300 -4.3.S
325

"5'360

80-325
\ 40 325 I2 4.3.18

13 -325

040

6 300 4.3.8
325

"360

80 32S

i r . 40 325 4.3.17

S13 32
.--- 27004

6 .300 k-4 .3.7
32S

Figu-e 4.2.1 (continued)
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polarizations and ranges given in Figure 4.2.1, using the slab
model and electrical parameters obtained in Section 3 for

Area II.

Figures 4.3.1 to 4.3.8 show the experimental loss as

a function of range for the different flight radials, the

corresponding theoretical loss computed from the slab model

and, for a convenient ?eference, the theoretical free space

loss. The experimental loss is seen to vary 10 to 15 db

between the various radials with no apparent trend (i.e., none

of the radials appear to be favored at all frequencies or for

either polarization). The transmission loss may be seen to be

larger for vertical polarization than for horizontal with the

difference, or anisotropy, decreasing with increasing frequency.

The experimental loss is also quite variable with range, with

the variability increasing with increasing frequency. This

variability, both with range as a function of frequency and

from radial to radial, and the anisotropy can intuitively be

associated with scatter by the trees. The signal variability

and the anisotropy behave with frequency in a manner similar

to that for ground-to-ground terminals which have been related

to tree scatter in Section 3. The variation from radial to

radial may also be due to scatter from trees in the vicinity

of the transmitter, or multipaths, which differ, due to the

random nature of tree size and spacing, with the different

directions of propagation (flight radials). It is also pos-

sible that the forest medium may differ with different direc-

tions of propagation when viewed as a uniform conducting slab,

and thereby cause the loss to vary with direction of propaga-

tion. This, however, does not appear to be the cause of the

observed difference in loss from radial to radial because, if

it were, the difference would be expected to be fairly

consistent.
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t The theoretical basic transmission loss in Figures
4.3.1 to 4.3.8, obtained from the uniform slab model, agrees

fairly well with the expersimental data, but it is generally

less than the average experimental loss by a few decibles.

The largest error is obtained at 25 MHz for vertical polariza-

tion and low transmitter antenna height which, from Figures

3.3.5 and 3.3.6, can be seen to be consistent with the largest

error obtained in arriving at the slab constants employed here.

Figures 4.3.9 to 4.3.18 show the experimental and

theoretical basic transmission loss for various transmitter

antenna heights as a function of slant range. The free space,

referenced to the radiated power, is also shown for reference.

Generally, the experimental loss decreases with increasing

antenna height, but the pronounced variability in the data at

the higher frequencies tends to obscure the height dependence

there, The anisotropy is also evident in these figures and

generally decreases with increasing transmitter antenna height.

The theoretical basic transmission loss of Figures 4.3.9 to

4.3.18 also decreases with increasing transmitter antenna

height and, as in Figures 4.3.1 to 4.3.8, is generally a few

decibles less than the experimental loss with the largest error

again at 25 MHz.

As in Section 3 for ground-to-ground terminals, the

error would be reduced here for jungle-to-air propagation if a

set of electrical parameters and heights for the slab model

which vary with frequency had been employed. This improved

slab model would still not account for the variability in the

loss with range and from radial to radial. Hence, as in

Section 3, a refinement of electrical parameters and heights

for the slab model does not appear to be warranted at this

stage. While the slab model may be employed to predict the

mean transmission loss, generally to within a few db of the
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average loss for frequencies of 25 to 400 MHz, extension to a

scatter model is desirable to account for the variability.

4.4 Conclusions

The basic transmission loss for jungle-to-air propa-

gation paths at frequencies of 25 to 400 MHz differs by as

much as 10 - 13 db or so for different azimuthal directions of

propagation. This difference is not consistent with frequency

or polarization over the different paths, which suggests the

difference in loss over the different paths may be due to

j multipaths originating from the vicinity of the transmitter

(ground terminal) rather than gross differences in the homo-

geneity of the jungle when viewed as a uniform conducting slab.

The basic transmission loss increases with range and

exhibits a significant variability which increases with

increasing frequency.I

The basic transmission loss decreases with increasing

ground terminal antenna height and exhibits considerable varia-

bility which increases with frequency. This variability also

tends to decrease with increasing ground terminal antenna height.

The basic transmission loss is generally less for

horizontal than vertical polarization with this difference

decreasing as frequency and/or ground terminal antenna height

increases.

The theoretical basic transmission, based on the

uniform conducting slab model for the forest in Area II, is in

fair agreement with the average experimental loss. The agree-

ment could be improved by employing electrical parameters and

heights for the slab model which vary with frequency. Exten-

sion of the slab model to include scattering, however, appears

I0o be required to adequetely explain the data.
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5. MIXED PATH PROPAGATION

Most of the theoretical and experimental work

accomplished and reported on this program has thus far been

concerned with regarding the jungle environment as a uniform

slab over the path of propagation. This approach has been

necessary in order to systematically define the quantitative

influence of the vegetation upon radio propagation, and the

attainment of an analytical model that generally explains the

experimentally observed propagation behavior. The state has

been reached where the smoothed values of the experimental

data and the theoretical model are in fairly good agreement,

provided suitable empirically der' ed effective electrical

constants of the jungle vegetation are used.

toIt has been recognized that practical communication

'n a jungle environment more often than not involves propaga-

tion over paths consisting of both vegetative and cleared

areas. In this report such paths are referred to as "mixed

paths." Some work has been done by Head [1960] on mixed paths

at UHF, but the extension of his results to practical mixed

paths in jungle environments is not obvious. Thus, to provide
a data base for the development of a model for mixed path

conditions, a special series of propagation measurements were

conducted in Area II, the environment of which has been pre-

viously discussed, Data was obtained for a. variety of mixed

path configurations. The experimental results from this

series of measurements have been reported in Data Bulletins

Numbers 5, 6 and 7. This data is much too voluminous for

inclusion in this report,but this section will present and

discuss those data which appear to be revealing of the signif-

icant features of propagation over such mixed paths. Also, a
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theoretical treatment of propagation over the mixed clearing-

vegetation or vegetation-vegetation mixed path is presented

and compared with experimental results.

5.1 Experimental Procedures

Propagation measurements were made over the mixed

paths of foliage-clearing-foliage (configuration A) and

clearing-foliage-clearing (configuration B). There were several

subconfigurations to configurations A 9nd B which were obtained

by reducing the amount of foliage ovez each path in succes-

sive steps. In the A configuration, AO is an all-foliage path

along a radial from the transmitter, Al is along the same path
with a block of foliige removed, and in A2 another block of

foliage is removed to essentially double the size of the path
through the intervening clearing. in the B configuration, BO

is a path along a radial from the transmitter extending from

clearing through foliage to clearing. B1 is the same as BO
except the underbrush is cut from the last one-quarter of the

foliage path, B2 is the same with the remaining foliage cut
along the last one-quarter of the foliage path, B3 is the path

with the underbrush cut from the next one-quarter of the path,

etc.

Figures 5.1.1 and 5.1.2 are sketches of the foliage-

clearing configurations A2 and BO, respectively, showing the

terrain profile over the paths, the transmitter locations for

all measurements and receiver locations used in the height-gain

measurements for all configurations. Figures 5.1.3 and 5.1.4

are sketches illustrating the specific foliage-clearing paths

and the transmitter antenna lo 'tion for all measurements, and
receiver antenna locations for htight-gain measurements for

A and B configurations, respectively. These figures are
helpful in interpretiiig the computer print-outs in this section.
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Figure 5.1.3 Nomenclature fo., Configuration A
Mixed Path Height.-Gain Measurements

99



BO
TIl:•nO_ T2' R2 /000' R1

""J.. I I-'--- S/.• .. '170o0' / 22,0' 1

L L L27 Z I- I • ..J
B2 LZIZL L

B3

•- I• goo$ •

BS

B6 40

B7

B8 r-----

Figure 5.1.4 Nomenclature for Configuration B
Mixed Path Height-Gain Measurements

1i

100
r I



I
[I

In general, two types of measurements were made for

each configuration. In one, called "height-gain measurements,"

the transmitter and receive?: were separated by a fixed distance.

The transmitter was stationary, and the receiver antenna height

varied between 8 and 80 feet. The maximum and miniinum field

strength, in db relative to 1 pvolt/m, over each 5-7 foot height

interval was recorded as the receive antenna height was changeQ.

In the other measurements, called "walking measure-

ments," thie transmitter antenna was stationary and the receive

antenna was moved in range, at the fixed height of 6 feet,

along a radial from the transmitter. The maximum and minimum

receive signal, in db relative to 1 Vvolt/m, over ani area of
z 10-foot diameter, was recorded at each 50 or 100-foot range

interval along the radial. The measurements were taken at 50-

foot intervals near the foliage-clearing interfaces and at

100-foot intervals otherwize.

Several combinations of frequency of 25, 50, 100 and

250 MHz, vertical and horizontal polarization, transmitter

antenna heights and locations, and receiver heights were

employed. Figures 5.1.5 and 5.1.6 are tree diagiams showing

these for the height-gain ai'.d walking measurements, respectively.
The figure numbers in Figure 5.1.5 and 5.1.6 reference the
giaphic data presented in the next section.

The antennas were half-wave dipoles in all cases
except the receiving antenna at 25 MHz, which was a small loop.

The antennas were oriented with their maximum free space gain

along the line-of-sight patn between transmitter and receiver.

The transmitting and receiving equipment and calibration pro-

cedures have been discussed previously [Jansky • Bailey, 1966].
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F|

Trans.
Frequency Antenna Ht. Trans. Figure

MHz Feet Location Polar. Config. No.

A -- 5.2.9

BO- 5.2.25

25 40 TI0

-A4 - 5.2.10
0- 5.2.26

r,2.27
502 TI • H A2 - 5.2.11

H • B0 5.2.29A2 5.2.13

100 24 T1

V B0 5.2.30
V•=-I-h-A A2 5.2.14

H BB0 5-.2 5.2.31

- A2 5.2.15250 24 Tl
vBO - 5.2.23

A2 5- .2.16

Figure 5.1.5 Tree Diagram of Mixed Path Height-Gain Graphs
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V

Trans.
Frequency Antenna Ht. Trans. Figure

MHz Feet Location Polar. Config. No.

BO-- 5.2.17
H B • B8--- 5.2.41

-A2-- 5.2.1
Ti1

BO- 5.2.1825~~ 40 VB8---- 5 . 2 . 4 2
5A2--- 5.2.2

B0-- 5.2.19
V Be -5.2.43

24 TIV .•- --
5.2.20

B8--- 5.2.44

S50 •--H-------2 ---- 52.3
SBO------- 

5.2.26

B8- 5.2.45
24 •HB0A 5.2.22

T IV - B-- 5.2.46

__--•H--VA2 • 5.2.36

240- TI_ _V B8--, - 5.2.6

BO- 5.2.37-------- - BH A2 --- 5.2.58

Figure 5.1.6 Tree Diagram of Mixed Path Data,
Horizontal Distance Abscissa
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Trans.
Frequency Antenna Ht. Trans. Figure

MHz Feet Location Polar. Config. No.

H BO s5.2.23
T1.B8 5.2.47

24 Ti

B 8 5 .2 .4 8
250 TlH--H A2 - S.2.7

40 V - A2 - S.2.8

H _-- BO 5 .2.40

Figure 5..,.6 (continued)
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For those readers who have received Data Bulletin

Number 7, it should be noted that the height of the transmit-

ting antenna for configuration B was referenced to a level base

line, as shown in Figure 5.1.2. In the graphs in this report

(i.e., Figures 5.2.9 to 5.2.32) the transmitting and receiving

antenna heights are referenced to the ground level at the base

of the antenna.

5.2 Data Analysis and Discussion

With the aid of a computer, the large number of field

strength measurements for configurations A and B were reduced

to basic transmission loss Lb for isotropic antennas. The

resultant Lb includes any losses due to the antennas being near
ground or foliage, caused by antenna impedance changes, as well

as the loss over the transmission path. The antennia impedance

changes due i foliage and ground proximity are, however, expec-

ted to be negligible at the frequencies and antenna heights

employed in these measurements [Dence and Tamir, 1969].

Figures F.2.1 to 5.2.8 show the basic transmission

loss as a function of distance (walking data), with the terrain

profile shown, for the transmitter at TI for the A2 configura-

tion. Figures 5.2.9 to 5.2.16 show the basic transmission loss

as a function of receiver antenna height (height-gain) for the

transmitter at Tl in the A2 configuration. Figures 5.2.17 to

5.2.24 show the basic transmission loss as a function of dis-

-"tance, with the terrain profile shown, for the tra.iismitter at

Tl in the BO configuration. Figures 5.2.25 to 5.2.32 show the

basic transmission loss as a function of receiver antenna

heights for the transmitter at Tl in the BO configuration.

Figures 5.2.33 to 5.2,40 show the basic transmission loss as

a function of distance, with the tzrrain profile shown, for the

transmitter at T2 in the BO configuration. Figures 5.2.41 to
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5.2.48 show the basic transmission loss as a function of dis-
tance, with the terrain profile shown, for the transmitter at

T1 in the B8 configuiation. The experimental parameters

involved in the basic transmission loss Lb are identified by

the functional fo'm of

Lb (f, 11T, T, P, HR)

where f is frequency in megahertz, HT and HR are transmitter

and receiver antenna heights, respectivrely, in feet above

local ground, T is the transmitter location, and P the pulari-

zation, either horizontal, H, or vertical, V. The tabulated

SLb are shown on the height-gain curves and on an accompanying
page for the walking data. Some observations of gross behavior

may be made from a brief examination of the experimental )

results of these figures:

(1) The walking data show that there is considerable

spatial variability in the basic transmission loss (i.e., cif-II~an the greiter tha tehe miimmobference in maximum and minimum Ib) and the maximum Lb tends tovary greater than the minimum L.

(2) The walking data show that the transmission loss

-ends to correlate with the dominant terrain features, being

relatively greater in the depressed areas ani smaller as the

ground rises.

(3) The walking data show that when the receiver

moves fiom vegetation to clearing (with vegetation between
the transmitter and the receiver) the loss generally tends to
decrease (signal increases); howev-r, when the loss does

increase for a short distance, it is at a relatively smaller

rate.
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F

(4) The walking data show that when the receiver
moves from clearing to vegetation there is a short region
(called the transition region here) where the loss inceases
fairly abruptly, after ithich the loss settles to a lesser rate
of increase which is apparently about the same rate of increase

as in the clearing.

(b) The height-gain data show that the-loss decreases
with increasing receiver antenna height.

(6) The walking and height-gain data show that the

loss is greater for vertical than horizontal polarization when
either antenna is in the foliage with this difference decreasing
when both antennas are out of the foliage.

None of these gross observations is unexpected. The

signal variability noted in (I) is consistent with the effects
of standing waves alluded to in Section 3. In particular, note
that the greater Variability of the maximum loss (minimum

signal) is consistent with the well known fact that the minimum
of two interfering raves (causing standing waves) may take on
any value less than either of the interfering waves (e.g.,

possibly total cancellation) while the maximum can at mcst be
6 db greater than one of the waves (constructive-interference).

The gross terrain influence is well known and may be

qualitatively identified with the shadow effect in diffraction
over an obstacle or, in the case of vegetated terrain, it may
be partially due to attenuation over the shorter or lOnger
path that the lateral wave must travel in vegetatinn 4t th3

hills or valleys, respectively, in its downward path from

jungle top to the receiver.
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The gross behavior at the clearing-vegetation inter-

0 faces noteO in (3) and (4) is analogous to that observed by
He&.. [19601.

The observed gross height-gain of (5) is a well known
effect with or without foliage.

I; The effect of anisotropy mentioned in (6) has been

observed often in forest environments and is intuitively

related to the presence or absence of vertical scatterers

0; (trees), as noted in Section 3.

!I A theoretical devel.opment is given in Section 7,

Appendix I, for mixed vegetation-clearing paths over flat earth

and specialized to the clearing-foliage path as in BO. The

transmission loss in the clearing between transmitter and foli -

age has been assumed to be due to a space wave over perfect

earth with reilections at the clearing-vegetation interface
ignored. Th, transmission loss over the complete path with no

foliage (configuraticn BS) has been computed from the approxi-

mate space wave expression of Eq. 7.7, and the results are
plotted, along with the experimental data, in Figures 5.2.41

to 5.2.48 for the transmitter antenna height of 24 feet at Tl

(except at 25 MHz the height is 40 feet) and the receiver

height of 6 feet. The agreement between theory and experiment

is good, indicating the simplified space wave is sufficient
for this case.

The approximate space wave expression is used to

compute the loss in the clearing portion of the mixed clearing-
vegetation path discussed next. The resuitairt approximate
solution, for the loss in the foliage for the clearing-vegetation

mixed path, where the vegetation segment of the path is assumed
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to be a uniform conducting slab, is

[3sin(kz H/R) IP(z )j x 2T 2 2 1 s 3 !
12 kR(x - x ) 2 IF(H)I

Lb = -20 log T

where the symbols'and functions have been defined in Section 3Sand Appendix I. This has been solved for the transmission loss
(in the vegetation segment of the path) as a function of dis-

tance for the BO configuration with the transmitter in the Ti

position at a height of 24 feet (except at 25 MHz the height
is 40 feet) and at T2 at a `ieight of 40 feet for rLceiver

antenna heights of 6 feet, at ftequencies of 25, 50 100 arid
250 MHz and both polarizations.

'Iihe resultant theoretical losses in the- vegetatbd

segment of the path, for the B-0, T2 configuration, are plotted
in Figures 5.2.33 to 5.2.40, along with the experimental results.

The theoretical loss in the clearing segmvn.- due to the space
wave as discussed above, is also shown. The agreement in the

clearing is reasonably good, as discussed above, and the reflec-
tions at the interface do not appear to be subs-antial. The

results also show that the theoretical and experimental !oss
in the foliage segment are in good agreement for horizontal
polarization (except at 250 MHz) but are in generally poor
agreement for vertical poiarization, The difference between

theory and experiment for vertical polarization is consistent

in that the theoretical loss is less than the experimental loss,

as is also the case at 250 MHz for horizontal polarization.
The source of the difference'has not been determined, but it
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could be -due to any. or a combination, of several factors.

First, the fundamental approach in setting up the problem may
be too-simplifie4 (e.g., ignoring diffraction over, reilections
from,- and penetration of the signal directly into the clearing-
foliage interface.) Also, the basic fields on the surfaces
which are obtained once the problem is set up may be in error
(i.e., the simplified space wave comprising part of the total

loss and/or the lateral wave fields may be in error.) Further,
the manner of solving the resulting equation (i.e., extracting
a slowly varying factor to arrive at an analytic approximation
to the integral) may lead to srome error. It is clear that there
is some error duie to ignoring the effects in tsie transition
region (i.e., penjetration of the wave directly through the
clearing-vegetatizn interface). The direct penetration does
not account for the observed error throughout the foliage block,
however, since it is known to be rapidly attenuated [Jansky &
Bailey, 1956] and it does not seem likely that the effects at
the interface will significantly influence the results over
the remainder of the path. Thus, the-error is probably in the
field expressions and/or in the approxixate analytical form
used for the integral. There is, of course, some error in the
lateral wave fields which, as noted in Sections 3 and 4, could
be reduced by obtaining frequency dependent electrical con-
stants and -,ffective height for the slab model. This would
not accnuat Zor the total error at vertical polarization,
however, and a numerical integration, with as few analytic
approximations as possible, appears to be necessary to further
refino the basic theoretical approach presented in this report.

The transition region (i.e., the regior of sudden
increase in loss as tlhe receiver passes from clearing to vegeta-
tion) has been alluded to above and intuitively associated with
the loss of energy of the wave in the vegetation which pene-
trates directly through the clearing-vegetation interface. In

HJ.90
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o•coer to examine the transition region more carefully, the

minimum experimental transmission loss for the BO configura-

tion is subtracted from the minimum transmission loss for the
BE configuration (foliage removed). The results are plotted, in

Figures 5.2.49 to 5.2.56 for the transmitter atfTi, for fre-

qulencies of 25, 50, 100 and 250 MHz, at bothpolarizations and
various transmitter antenna heights. For vertical polarization,

the length of the transition region appears to increase somewhat

with increasing frequency and, with the exception of that atU• 25 MHz, the average difference in the loss beyond the transition

region, which generally settles to a constant in the vegetation,
decreases with increasing frequency. The relatively large loss
in the vegetation with the DO configuration at 25 MHz for ver-
tical pclarization at the lower antenna heights has been
mentioned previously [Jansky & Bailey, 1965] and appears to be
Sconsistent tnroughout in Areas i and II.

For horizontal polarization, the foliage appears to-

have little effect at .25 MHz and no transition region is appar-
ent.. At 50 and 100 Miz (horizontal polarization) the loss' is

generally greater in the .uliage than when the foliage is
removed, by about 5 db beyond the transition region. The tran-

sition region appears to be about 1000 to1500 feet long, but

the variability in the data makes this a qualitative determina-
tion at best. At 250 MHz, horizontal polarization, the loss
in the foliage is much greater (= 25 db) tban without the

foliage and a transition region of about 1000 feet is indicated.
Also, the transition region is somewhat larger than the apparent
200 - 300 foot distance of rapidly increasing loss whesi the
transmitter and receiver are in an all-vegetated path [jansky

& Bailey, 1966].

Tho difference in the loss beyond the transition

region, as shown in Figures 5.2.49 to 5.2.5t, may be seen to
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) Ibe less for vertical than for horizontal polarization with the
polerization preference decreasing as frequency increases.

This behavior is qualitatively consistent with the transmission

loss in an all-vegetated environment, which suggests that the

mode of propagation beyond the transition region is a lateral1 wave, as is intuitively expected.

11 It is also interesting to examine the effect of the
undorbrush on propagation (the small trees with diameters

Z2 inches). To do this the measured transmission loss with

Sfull-vegetation present (e.g., BO) is subtracted from the loss
for the same transmitting and receiving set-up with the under-

hbush reieoved (e.g., Bl). The BO, Bl, B4 a.1 BS configurations

with transmitting antennas at positions TJ. and T2 and all
transmitting antenna heights used were emplcyed. Only the data
obtained when the receiver was in those path segments where the

underbrush was to be or had been •ut are used in this comparison
(e.g.,, approximately the last 400 feet of foliage for BO - B1).

Only the measured minimum Lb are used, due to their lesser

variability as discussed above. The transmission locs differ-
ences so obtained were averaged for the various transmitter

heights and the two path segments examined. The justification

for this averaging is that, in this case, each loss difference

(at a fixed frequency and polarization) can be presumed 6o be

due only to the cutting of the underbrush and is independent

of transmitter height and location.

Figure 5.2.57 is a plot of the averaged differences
ir transmission loss with and without underbrush as a function

of frequency and polarization. The difference is seen to le

small, and probably negligible from a practical viewpoint, as

might have been expected since the underbrush is a small part

of the total vegetation content. The difference is generally
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positive, however which is gratifying because it shows that

cutting the underbrush, which removes conducting elements from

the slab, has the effect of lessening the effective slab con-

ductivity (i.e., decreasing transmission loss) as intuitively

expected.

5.3 Conclusions

At fr6quencies of 25, 50, 100 and 250 Mz, the basic

-transmission loss tends to increase rapidly-over a transition

4 region of a few hundred feet for vertical polarization as the
Ii reciaiver passes from a clearing into vegetation at a height of

6 feet. The transition region increases in length for vertical

polarization as the frequency increases. The transition region
is not as apparent at the lower VHF frequencies for horizontal

polarization as for vertical, but tends to be about the same

at the higher VHF frequencies. Beyond this transition region

and for bo'th polarizations, the losses generally increase at

about the same rate and with the same frequency dependence as

a lateral wave in vegetation.

The anisotropy in the forest segment of the mixed

paths is similar to that for a completely vegetated path (i.e.,

there is more loss at vertical than horizontal polarization).

When the receiver moves from vegetation to clearing
(wit;i the vegetation between transmitter and receiver) the loss
decreases, that is, the signal recovers, within a short dis-

tance in a manner similar to diffraction recovery.

The underbrush portion of the foliage has a small

effect upon the transmission loss, for the receiving antenna

:not higher than that of the underbrush, but the loss is gener-

ally greater with than without the underbrush.
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A theoretical development for the transmission loss
in a mixed clearing-vegetation path, which leads to an integral

requiring numerical intergration, has been given and an -ana-
lytic approximation to the integral obtained. The theoretical
results based on the analytic approximation are in fair agree-

ment with experimental data for horizontal polarization but in
poor agreement for vertical polarization. The source of the

difference has not been determined, but appears to be in the
approximation employed to obtain the analytic solution. The
analytical form is not valid and numerical integration of the
complete solution appears to be required to determine the

validity of the basic theoretical approach developed here for
mixed path propagation. But, within the framework of the
present progran: objectives and priorities, it is considered
prudent to defer this additional theoretical work to a later
time.
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6. SUMMARY OF CONCLUSIONS

Final Reports, Volumes I and II, together summarize
the entire experimental and analytical results of path loss

measurements in two specifically different tropical jungle
areas in Thailand. In Volume I the results of the work in a
monsoon tropical, or wet-dry, jungle environment were summa-
rized as a set of hypotheses which generally have now been
refined through work in Area II, classified as a rainy tropical
jungle.

These two environments have been distinguished from
each other esselitially in terms of the differences in climate
and physical characteristics of the vegetative (jungle) growth.
The jungle in Area I has been referred to in these reports as
an evergreen, semi-dry, forest. In other literature I'] it has

also been referred to as semi-evergreen forest which, to some

readers, may suggest that there is a degree of seasonal shed-
ding of the leaves, similar to that observed in deciduous
forests. However, these two classification terms mean the
same thing in relation to the character of the forest in Area I.
The forest in this area contains some species of trees of
deciduous nature, although these trees do not shed their leaves
during the dry season as profusely as a deciduous tree in a
temperate zone. The leaves of these trees do turn to a brownish

color during the dry season, which suggests less moisture con-

tent. The forest of Area I also contains numerous species
that do remain green the year around. Hence, the term "semi-
evergreen" is an apt descriptor, referring specifically to the
character of the forest.

On the other hand, the term "wet-dry evergreen" seems
to encompass both the vegetation and the climate. Thus)

PRECEDING PAGE BLANK
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in relation to electrogeographical classification systems[ 2 3 ],

this latter descriptor seems more appropriate for the purposes
of this project. Such a problent with terminology does not
exist with respect to Area II because the forest is much more
dominated by evergreen trees, and there is usually little or

no dry season to alter the color of the leaves. Thus, the
descriptor "tropical rain forest" encompasses both the char-
acter of the vegetation and the climate.

On the basis of the annual rate and distribution of
rainfall, the distinction between Area I and Area II can be
clearly drawn from relatively accurate data. But, with respect
to the physical aspects of the vegetation, such a distinction
apparently cannot be so clearly drawn. According to forest
surveys made in conjunction with the move of the propagation
tests from Area I to Area II, it was thought that Area I was
characterized by a biomass of about 120 tons per acre, while
Area II had about 300 tons per acre. This seemed to correlate
with the clearly observable feature of more high trees in

Area II than in Area I. Also Area II contained virgin
fore6st, while Area I is of second growth nature.

But forest survey data recently obtained by Jansky

Bailey, as well as data less recently published[5], have
I served to refine the picture insofar as there being a sig-

nificant and well defined difference in biomass between the
A two test areas. It is now known that forest surveys based

upon small area samples (10 x 40 meters) lead to data having
"a large variance in biomass and tree height because one or
twc large trees in each sample area dominate the statistics
of the sample, and the question of how many such small sample
plots are needed, and-how they should be distributed, to
correctly-characterize a relatively large forest area becomes
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highly problematical. A study of these problems hLs led to
the conclusion that the sample plots should be at least 200

200 feet for the kind of forests being con-idered here in
relation to radio propagation models. The forest in Area !I
has been surveyed using 200 x 200-foot sample plots, while

all of the data available for Area I[5p24] were obtained from

the smaller sample plot measurements. Taking all of these

considerations into account, the best estimate of biomass for

Area I is 12S tons per acre, while that of Area II is 165 toI 22M tons per acre. The biomass, as well as other statistical
parameters, for Area II will be known more definitively when
the data from the larger sample plots have been reduced and

analyzed.

In addition to biomass, several other statistical
parameters have been measured. These include tree heights,

diameters at breast height (BHD), nearest neighbor distances
(NND), basal area (BA), number of trees per acre z(tree
density", etc. Among these parameters the upper decile heights

of the trees seem to be the most distinctive in comparing
Are with Area II. Surprisingly, the median heights Of the

trees in the two areas are not greatly different. Also
significant is the apparent evidence that the tree density in

Area II is generally about the same as that in Area I[51.
Thus, it can be seen that it is difficult to draw a clear and

firm distinction between the forests of the two areas from

physical.measurements alone.

The purpose of examining the physical aspects of the

tropical forests in such detail is to arrive at some

methodology with which the different types of vegetation can
be classified in terms that can be quantitatively related, or

used, in radio propagation models[z2 3. Toward this objectivý,
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as described in Section 3, all of the propagation data common

to both Area I and Area II have been compared to theoretical

results from the slab model, using a fairly large variation
in the slab height, H, dielectric constant, ej, and the

conductivity, a, where, for a given set of comparisons, the

dielectric constant and conductivity were held constant,

independent of frequency. Time did not permit the incorporation

of a suitable, empirically derived, frequency dependency into

the computer program for the slab model.

The comparisons have been made generally over the

frequency range of 2 to 400 MHz for several combinations of
I" antenna heights, and for both horizontally and vertically

polarized transmitting antennas. Bezt fit over the entire fre-

quency range was obtained with the following parameters:

Area I:

H = 60 feet

ej = 1.01

ai a •H = 0.04 mmhos/meter

ajv = 0.05 mmhos/:reter

Area II:

H = 100 feet

-I = 1.01
•H= 0.03 rmhos/meter

I oj = 0.04 mmhos/meter
-ev

As has been pointed out in Section 3, the greatest

difference between theoretical and exper-imental values of path

loss occurs in the region of 25 MHz and suggests that a better

fit could be obtained if the proper frequency dependency is
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assigned to the effective dielectric constant and conductivity.
However, the fact that the greatest difference between theo-
retical and experimental values occurs in the lower HF fre-_

quency range, with the difference reducing ii the upper HF,

VHF, and UHF ranges, suggests that the frequency dependency

needed for the slab model is not the conventional frequency
dependence obtained from measurements in a small volume of

vegetated space, such as with open wire transmission linemeasuement[22]
measurements . Rather, the shape of a versus frequency
curve, derived from fitting experimental and theoretical
values, appears to be somewhat higher in the region of 25 MHz
than the conventional propagation constant approach would

suggest. This peculiarity is probably associated with the
relation of the median heights of the trees, and the limb
elements of vegetation, to the wavelength in this frequency

range.

Thus, some fairly important conclusions can be
summarized at this point. First, the slab model is a good
representation of both the phenomenological and quantitative

aspects of propagation in forested environments. This model
can be improved by using empirically derived frequency de-
pendent values for the forest conductivity. Based upon the
comparisons in Section 3, the appropriate slab height, H,

appears to be near the height exceeded by 90 per cent of the
trees, rather than the median height previously thought more
appropriate. The slab model is very sensitive to the values
of a and c used in the computation of path loss, and only a
very restricted range of values is permissible, in conjunction

with H, without giving the wrong values of path loss.

By its nature, the slab model can yield nnly

smoothed data on path loss, and will tell nothing of the
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statistical variability in amplitude and phase of the received

signal to be expected in a forested environment. To achieve
this will require an extension to t1- slab model to account
for the seattering effect of the trees and other obstacles.

The slab model is a good point of departure for a scatter
model because it can predict very well the smoothed, or
average, transmission loss in a forested environment.

Further evidence of the applicability of the slab

model is provided in Section 4, which also presents a com-
parison between theoretical and experimental results. Again,

'H, the greatest difference is in the range of 25 MHz (the lowest
1 frequency measured in the air-to-ground work). Perhaps a

-more significant finding is beginning to emerge by comparing

the variability of the signal in the air-to-ground measure-
1 ments to that in the ground-to-ground measurements. Almost

the same amount of variability can be noted. Thus, since
the airborne terminal was relatively free of the effects of
nearby trees, this comparison suggeits what might be an im-
portant principle.; that is, the variability of the signal is
dependent on the end of the link in the worst environment.
However, this principle needs further examination before it
can be put forth on any firm foundation of evidence.

The third type of path discussed in this report is

the so-dalled "mixed path." In this case, however, it was

not possible to compare the exverimental data with a complete
mathematical solution of the theoretical model. This was

because time did not permit a numerical integration of the
integral involved. But the conparisons with the simplified
mathematical formula are most encouraging, and indicate the
possibility that the principles of the slab model can
ultimately be applied to the mixed path configuration with
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as good agreement as the ground-to-ground path and the air-
to-ground path in a tropical forested environment.

Finally, the experimental and theoretical results
obtained strongly suggest that the ferest biomass is not an
important parameter in the use of the siab model for fotested
env.ronments. Rather, the model is more dependent upon the
height exceeded by 90 per cent of the trees, and the number
of trees per acre (tree density), than on the other physical
parameters of the forest. It may be reasonably conjectured
that this situation will also hold in the statistical model
obtained by extending the slab model to take into account
the scatter process.
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7. APPEND IX

A theoretical approach is doveloped which gives the
basic transmission loss over a mixed vegetation-clearing, or
for fully vegetated paths 'kat .4ave a discrete change in-elec-

trical height or propagation ccnstant in the path. The results
are compared with experimental data in Section 5. The geometry

of a mixed clearing-vegetation propagation path is shown in
Figure 7.1. The general d2evelopment is given for a clearing-
vegetation path, but it is equally valid for a path containing
a transition between two different types of vegetation (i.e-.,
different densities or heights). The' transmission loss Lb
between transmitter and receiver is defined as [Norton, 1959]

P
Lb - 10 log (71

where Pr and Pt are the available power at receiver and trans-

micter, respectively. Ming Kuei Hu [1958] has shown that the
power transmission between two isotropic radiators in linear,

isotropic media (which is assumed for the mixed path) may be
given by a "power reciprocity" expression,

r -- v 2 f T X 1  !2 X R d s 2  (7.2)

t 1 12 f16 PI P2

where S is a surface enclosing one of the sources. The fields.
l, H,, and E2 , H2 are the fields on S due to the radiated

powers P1 and P2 at sources 1 and 2, and T is the unit outward
vector normal to S.

PRECEDING PAGE BLANK
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0.03 < ajfH 0.04 mirhos/meter

0.04 < aj V 0.05 mmhos/meter

Figure 7.1 Geometry for Clearing-Vegetation Mixed Path
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The problem is general to this point~and substitution-

of Eq. 7.2 into Eq. 7.1 give's the formal expression'for the

transmission loss over the mixced path. Of course, effecting

this solution requires the fields on the surface, which in turn

requires that properties of the path segments be specified.

Por the general mixed path, it is assumed V~- the foliage of
each path segment can~ be approximated by a uwiform conducting-
slab having parallel plane surfaces, bounded above by air and,

below by ground, as rroposed by Sachs and Wyat%, r1966, 11963].

homgenousandtheslab height constant over each path segment.

In geeategon lvto spermitted to change between
segent. Hwevr, o'aoidtheextreme case of mountainous

'I

terrain, which would invalidate a later assumption, attention

is restricted to a flat ground surface, which is a good a~ppox-

ima.ion to propagation in forested environments over fairly

rough terrain [Tamir, 1968].

Attention is restricted to the two-segment clearing-

to-vegetation propagation path of Figure 7.1. This will serve

as an illustration for solving general mixed foliage and

foliage-clearing paths over fairly rough terrain and allows a

comparison of the theory witb h ih oailable experimental data.

For vertical piolarization, Eq. 7.2 may be written as

= f(E~ 'fY2 2  Hy )dy dz 2  (3

16 P1 p2

The surtace S is taken as the infinite y-z gplapne

separating the two path segments. The fields on S may be

toveettin roagtin at f igre7.. hi 215sev

T .-2-=--- -7.z)
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specified by using Kirchoff's approximation, wherein E,, H, are

the fields at P(o,y,z) on S due to source 1 for the tctal path
assumed to be over plane earth with no vegetation, and E2, H2

are the fields at P(o,y,z) due to source 2 for the total medium
assumed to be vegetation, as in medium 2. It is noted that this

approximation (which accounts for eliminating mountainous ter-
rain) ignores diffraction over the foliage-clearing interface
and reflecti.ons from the interface., The two components of
electric field at P(o,y,z) then simplify to the well known
expressions for a vertical dipole* source at I [Jordon, pp 618-

635, 1950].

F ikR1  ikR'

Ez. (o,y,z) = ink Idl e)s 2a +P e s2at
4w L R Rj

S where n = 120 fr,- and (7,4)

ikR ikR'Er(Oy~) •ikId--l( d-/ os tn + e Cos2 a' tan a'
477[_ R2 R '

where pv is the ground reflection coefficient for vertical polar-

ization. The lateral wave electric fields due to a-small dipole

at source 2 is [Tamir, 1967]

* The development is carried out for dipole sources, in accord-
ance with most references, and specialized later -o isotropic
source to obtain basic transmission loss.
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ikr 2

Ez 2 (0,y,z) - 60 Idl 2 F(z ) F(z)
r a2  (nj• - 1)

(7.5)

Er 2 (O,y,z) = (0j 2 - 1) E (o,y,z)

where Idl is the current moment of the sources, z is the vari-
able height on S, and the remaining factors are as defined in

Figure 7.1 and Sections 3.1 and 4.1. The absolute value signs
of F(z) are removed and the imaginary value of the exponent in
F(z) is not effected (i.e., the complex exponent is retained).
The remaining fields required in Eq. 7.3 may be determined by

Maxwell's equations. The results lead to an expression requiring
numerical intcgration of Eq. (7.3), and further approximations
are made here to obtain an approximate analytic solution.

It is assumed that contributions over the surface S

are negligible for z < H, which permits the integration to be

confined to the surface above the jungle. Ignoring contributions

over the surface for z < 0 (i.e., into the ground) is sureýly

justified and ignoring those through the surface 0 Z z < H (i.e.,

directly through the foliage) is justified by experimental

evidence for receiving points at x 5 0.2 mi., the distance at

which the direct signal through the foliage becomes negligible

relative to the lateral wave (Tamir, 1967]. It is further

assumed that the sources are far enough from the vegetation-

clearing interface to permit plane wave approximations to the

217



Iii

fields on S. Further, neglecting Er as it is small relative

to, z results in

H(oyz x 1 Er (o,y,z)

HY2(O'yPz% r Z2(°'YOz) (7.6)
r 2  TI Z

and

i 7 x2 2

T12 16 P P

Further, taking P -1 and cos which are considered
reasonable approximations for the low antenna heights employed,
and rclatively high conducting ground of the experimental area,*

i, ! E (o,y, z) =-nk ILLEf (Z 2 R sin Rz (7.7)
Numerical integration is still required, but suppose for the

moment that E is the vertical component of the electric field
on S (denoted Ez,) for-the dipole at the same position in 1,1

These approximations are made only to simplify the form
of the final solution. They are not required to reduce
Eq. (7.3) to an analytic result.
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but now for an all-vegetative medium, as in medium 2. The same
geometrical factor of x /r 2n + x,/rn in the integrand holds,
and the power transmission, called T2, is just the lateral wave
power transmission between two antennas for an all vegetative
medium (Sections 3.1 and 4.1) and is easily seen to be

T.2

or

J J+SJ9 ( X2_X_ 
_

(+ fE E dy dz 2

T2n=zs r d yI z 2 2- r 0 E (7.8)
16 P P 

kn AP
12 2

where E is the corresponding lateral wave field given above.
Now, taking the ratio of the vertical electric fields of
Eqs. (7.5) and (7.7),

F. ,ko,y,z) 60 Idl [e k // (r -j 2 )r2] F(z 1 ) F(z)

z o,y,z) lk/2 1 )Idl(e R) sin(kz • z/R)

ik(r - R)

F(z) F(z) Re 
)

k sin (kz z/R)r 2 (n 2  1)
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For small a, sin (kzz/R) kzz/R, and the ratio of EzZ/Ez,
can be seen to vary slowly with y and z relative to the varia-
tion of either alone. Hence, making the substitution of

Ezlk(OIYZ) z Ez(oYZ)
I Iz •(o,y,z) (oyzi).~(,yz

j E ((ozyz)

in Eq. (7.8), and removing the slowly varying factor Ez P/Ez1

and evaluating it at the stationary phase point P(o,o,H) of

B., one obtains

x 2 x,7) H z ( E dv dz
Ezj.Z(z' H, x,) % j. (_ I I Z z2"

T 2 
H

k Ez (z , H, R) 16 PI P2

I !or

EzjX'z_ H, x) 2 , ,] (7.le)

E~ (Z ,H R) [T2
J 1

where the functional dependencies are indicated.

The development has been given for vertically polar-

I ized sources. The same relationship applies for horizontal
SI polarization with E replaced by E the appropriate lateral

ij j wave fields for horizontal polarization (Sections 3.1 and 4.1).

•j j Note that the assumption of pv = 1H= -l makes tfe horizontal
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and vertical field the same for the space wave. At close
ranges, where cos 2 a 1• may nrot be a good approximation,
cos 2 a may be reinserted in E•z for vertical polarization but
is not a factor in horizontal polarization [Jordon, 1950].

Thus, for isotropic antennas with cos-2 a , the
final expression is

Isin IF(z2)l xX.

T 13T2(7.11)
12

and L 20 log T2
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